ABSTRACT: Adaptation is an important approach for protecting human health, ecosystems, and economic systems from the risks posed by climate variability and change, and for exploiting beneficial opportunities provided by a changing climate. This paper presents 9 fundamenal principles that should be considered when designing adaptation policy, for example, a sound understanding of the potential regional effects of climate on human and ecological systems is required to target appropriate investments in adaptive responses. The distribution of potential impacts across different populations and the mechanisms by which these impacts occur are also key to effective adaptation measures. Options for coping with climatic changes must be considered in the context of multiple stressors. Further, adaptation is likely to exhibit varying levels of effectiveness as demonstrated by current efforts to deal with climate variability. Potential adverse side effects of adaptive strategies must also be accounted for to avoid solutions that are worse than the problem. These issues and others are presented in this paper, with examples from various impacts studies to illustrate key points.
INTRODUCTION
Climate variability and change pose risks to human health, ecosystems, social and cultural systems, and economic systems. They also provide opportunities. The goal of climate policy should be to reduce the risks and take advantage of the opportunities. To accomplish this goal, a portfolio consisting of strategies both to mitigate emissions of greenhouse gases and to adapt to change should be considered.
The mitigation of greenhouse gases provides a mechanism for slowing, and perhaps eventually halting, the buildup of greenhouse gases in the atmosphere. As noted in the Intergovernmental Panel on Climate Change (IPCC) 1995 Second Assessment, 'With the growth in atmospheric concentrations of greenhouse gases, interference with the climate system will grow in magnitude, and the likelihood of adverse impacts from climate change that could be judged dangerous will become greater' (IPCC 1996c) . Further, the potential for unexpected, large and rapid climate changes ('surprises') may increase due to the nonlinear nature of the climate system. An understanding of the potential consequences of climate variability and change -the so-called 'consequences of inaction'-provides insights into the appropriate magnitude and rate of implementation of actions to mitigate greenhouse gas emissions.
Adaptation is an important approach for protecting human health, ecosystems, and economic systems, and for maximizing social well-being (NAS 1992) . Adaptive actions are those responses or actions taken to enhance the resilience of vulnerable systems, thereby reducing damages to human and natural systems from climate change and variability. While there is uncertainty about future climatic changes, failure to invest in adaptation may leave a nation poorly prepared to cope with adverse changes and increases the probability of severe consequences (Smith & Lenhart 1996) . Adaptive adjustments in practices, processes, or structures of systems will be needed either to reduce the sensitivity of systems to changes in climatic conditions or to exploit new opportunities. 1 The actions may be taken in reaction to climate change as it occurs (i.e. reactive adaptation) or in anticipation of future climate change (i.e. anticipatory adaptation). The climate has changed, is changing, and will continue to change regardless of what investments in mitigation are made (IPCC 1996a) . Some of this change will occur as the result of natural climatic variation. Some will occur as the result of human activities that have already altered the atmosphere and committed us to future climate change. Regardless of the source of change, systems that are sensitive to changes in climatic conditions will be affected.
As illustrated in Fig. 1 , global average temperature has increased 0.3 to 0.6°C over the past 100 yr. Global average precipitation over land has increased 1% during the 20th century, and average sea level has risen 10 to 25 cm (IPCC 1996a) . The character of rainfall also may be changing. For example, the area of the United States that has been affected by extreme rainfall events (i.e. at least 5 cm d ) has gone up (Karl et al. 1996) . These observed changes led the IPCC to conclude that 'The balance of evidence suggests a discernible human influence on global climate'. However, while some of the observed change in climate during the past 100 yr was likely due to human activities, it is not yet possible to say how much of the change was human-induced.
It is expected that the climate will continue to change as a result of both natural climatic variation and human activities. The IPCC stated that global average temperature is projected to increase another 2°C (with a range of uncertainty from 1.0 to 3.5°C) by the year 2100 as a result of both human and natural influences (IPCC 1996a) . Global average precipitation is likely to continue to rise as the hydrologic cycle intensifies, with a possibility of more extreme rainfall events. Average sea level will rise another 50 cm (with a range of uncertainty from 15 to 97 cm) by 2100.
Changes in climate are of concern because there are a variety of systems that are sensitive to climate, including human health, ecosystems, and socioeconomic systems (IPCC 1996b , Scheraga 1998 . While it is impossible to attribute any single climatic event to human-induced climate change, as opposed to natural climatic variation (e.g. the Kansas drought from 1952 to 1957; the 1993 Missouri and Mississippi River floods; the 1995 Chicago heat wave and the 1998 Dallas heat wave), they highlight potential vulnerabilities to climate and our ability, or inability, to cope with such changes. As the climate continues to change, our ability to protect these sensitive systems may be further challenged. In addition, the possibility of abrupt climatic 'surprises' cannot be discounted. In these cases, waiting to react to climate change may be unsatisfactory because the adverse effects of climate change may be significant (OTA 1993) . It is therefore prudent to begin considering investments in adaptive responses to reduce the vulnerability of human health, ecosystems, and socioeconomic systems to current climate variability and future climate change.
The purpose of this paper is to present 9 fundamental issues pertaining to the effective design of adaptation policy and to demonstrate the importance of understanding the potential consequences of climate variability and change for ensuring the effectiveness of adaptive responses. A sound understanding of the potential effects of climate on human and ecological systems is a prerequisite for targeting appropriate investments in adaptation. The characteristics of potential impacts, including their distribution across different populations and geographic regions, and the mechanisms by which the impacts occur are also key to effective adaptation measures and must be investigated thoroughly. Finally, potential side effects of the adaptive strategies must be accounted for to avoid maladaptation, i.e. a 'cure' that is worse than the 'disease'.
FUNDAMENTAL PRINCIPLES
Only society can decide whether or not particular risks and opportunities are of concern. The extent to which society is willing to expend resources to avoid the effects of climate change will depend in part on its perceptions of the risks posed by climate change, the perceived costs of the effort, and how much it is willing to risk possible negative consequences (NAS 1992 , OTA 1993 . If society decides to adapt, important issues must be considered to ensure that the adaptive responses are effective. We present, with examples, 9 fundamental principles that should be considered when designing adaptation policy: 
The effects of climate change vary by region
There is a regional texture to changes in climate, and therefore to the effects of climate change (Shriner & Street 1997 , Scheraga 1998 . Although global average temperatures have increased 0.3 to 0.6°C and global average precipitation levels have increased 1% during the past 100 yr, there has been significant regional variation in these changes (Fig. 2 ). There has been as much as a 3°C increase in average temperatures in some parts of the United States, such as North Dakota and Oregon. But in other locations, such as Georgia and Mississippi, average temperatures have decreased as much as 3°C. There has been as much as a 20% increase in the mean level of precipitation in some parts of the country, such as the Susquehanna River Basin, northeast USA and New Mexico. But in other locations, such as California and Wyoming, the mean level of precipitation has decreased by as much as 20% (Karl et al. 1996) .
In the same way that there is a regional texture to ongoing climate change, there is a regional texture to the risks and opportunities presented by climate change. The human and ecological systems that are sensitive to climate change, and the degree to which they are vulnerable, will vary geographically. This variation must be considered as adaptive strategies are developed.
An examination of the agriculture sector illustrates this point. Several studies (Adams et al. 1995a , b, Rosenzweig et al. 1995 suggest that, although United States agriculture may, in the aggregate, benefit from climate change, changes in agricultural yields may vary across regions. Further, as described in the 1997 IPCC Regional Impacts Assessment, climate change impacts on crops will likely result in sub-regional shifts in economic welfare (IPCC 1997) . For example, under the climate scenario depicted in Fig. 3 , farmers who plant corn in New England may experience increases in yields, but farmers who plant corn in the Great Plains may experience declines in yields. Thus, climate change may pose an opportunity for corn farmers in New England, but a risk for corn farmers in the Great Plains. There also will be differences within regions. Farmers who plant wheat in South Dakota may experience increases in yields, but farmers who plant corn in South Dakota may experience declines in yields. Climate change may pose an opportunity for wheat farmers, but a risk for corn farmers in South Dakota.
Adaptation, especially at the farm level, will be essential for limiting losses due to changing climatic conditions or for taking advantage of these changes (Reilly 1996) . Regional information is useful because it can help guide adaptive decisions (e.g. planting dates, planting different crop varieties or species, irrigation, fertilizer use, tillage, etc.) by farmers within a region and across regions.
The effects of climate change may vary across demographic groups
There will be distributional effects across demographic groups as well as across geographic regions. Vulnerable populations will vary, depending upon the effect of climate change being considered. For example, it is known that climate change will likely increase the frequency of very hot days during the summer, and thus the number of deaths due to heat stress may rise Trends/100 years 3°C 2°C 1°C (Kalkstein & Greene 1997) . As illustrated in Fig. 4 , the most vulnerable populations are the elderly (Kilbourne et al. 1982 , CDC 1995 , Nashold et al. 1996 , Semenza et al. 1996 . For example, during the 1995 Chicago, USA, heat wave 465 heat-related deaths were recorded, and those 65 yr and older accounted for nearly 70% of the total (NOAA 1995). The very young are also sensitive to heat. Cities are disproportionately affected by heat, with the urban heat island effect and inner-city poverty being contributing factors (Buechley et al. 1972 , Oke 1973 . Acclimatization of populations may reduce the predicted heat-related mortality. People in Montreal and Toronto, Canada, might acclimatize somewhat to global warming conditions, whereas people in Ottawa, Canada, show no signs of potential acclimatization (Kalkstein & Smoyer 1993) . It is important to note that acclimatization to increasing temperatures occurs gradually, particularly among the elderly, and may be slower than the rate of ambient temperature change (Shriner & Street 1997) .
To be effective, adaptive responses must target these vulnerable demographic groups, some of which may be difficult to reach (Chestnut et al. 1998) . For example, the elderly are less likely to perceive excess heat (Blum et al. 1998) . They may be socially isolated and physically frail (Kilbourne et al. 1982 , Semenza et al. 1996 . This may make it difficult to get them to use air conditioning (i.e. they do not feel the heat) or to travel to air-conditioned environments (i.e. they have no one to take them and may be unable to travel on their own). The poor may not be able to afford air conditioning, and if they live in high crime areas then they may be afraid to visit cooling shelters. Finally, for young children and infants, decisions about how warmly to dress and time spent in hot environments are made by adults, and they may be unable to communicate their discomfort (Blum et al. 1998) . Effective responses will need to take these group-specific factors into account. 
Climate change poses risks and opportunities
Many, but not all, of the systems that are sensitive to current climate and likely to be sensitive to future changes in climate have been identified (Fig. 5) . Potential effects on human health, air quality, water quantity and quality, ecosystems (including wildlife and biodiversity), agriculture and forests may be either positive or negative. If the ultimate goal of climate policy is to protect public health and the environment, and increase society's well being, then it is imperative that adaptation policy exploit the potential positive effects of climate change, as well as reduce the risks. 'A lost opportunity can be as bad as a negative impact.' 2 At the same time, any 1 particular effect of climate change may benefit one region or demographic group within a region, while harming another region or demographic group (at least in a 2 × CO 2 world).
3 'One person's opportunity may be another person's loss.' The tradeoffs between opportunities to be exploited and risks to be avoided pose a serious challenge to public policy makers and resource managers. It is noteworthy that, when one considers all impact categories, it is likely that every region and state will be exposed to some risks from climate change, as well as some positive effects.
Consider, for example, potential changes in recreational fishing opportunities that may result as climate change affects habitat for freshwater fish in rivers and streams in the United States (U.S. EPA 1995b). It is well known that fish have thermal tolerance levels that vary by fish species (Eaton et al. 1995) . A general increase in surface air temperatures will also increase water temperatures, resulting in changes in habitat suitable for various fish species.
These physical impacts could result in substantial disruptions to an important American pastime, recreational fishing. As reported by the U.S. Department of the Interior (1997), the United States has much at stake in recreational fishing. About 15% of the United States population 16 yr and older went freshwater fishing in 1996. They spent over 500 million days fishing in freshwater and $ 24 billion (1996 $).
Changes in fish habitat will affect the kind of fish that can be caught, the chances of success, the quality of the fishing experience itself, and proximity to the fishing opportunity. All of these factors will affect recreational fishing behavior. for the different guilds of fish are valued differently, the physical effects of climate change may result in either losses or opportunities for recreational fishermen. Fig. 6 illustrates the effects on recreational fishing for one particular transient scenario of climate change developed by the Geophysical Fluid Dynamics Laboratory (GFDL) (Manabe & Wetherald 1987) . Under this GFDL scenario, the habitat for brown trout, which is a coolwater fish, declines from 1 to 100% in a 2 × CO 2 world in every state included in the analysis. However, coolwater, warmwater, or rough fish are likely to move into these streams. These effects will vary by region. 4 Whether or not these potential changes in fish habitat and recreational fishing opportunities are of concern is for society to decide. But it is important that the range of potential effects, including both risks and opportunities, be articulated for policy makers. To the extent that society chooses to avoid these shifts, investments will have to be made in greenhouse gas mitigation to slow or stop the rate of human-induced climate change. To the extent that the shifts are unavoidable, fishery management strategies or recreational behavior may have to adjust (i.e. adapt) to changes in fish habitat and fish availability. Many of the systems that are sensitive to climate change and climate variability, such as population growth, land-use changes, and pollution, are already under stress for other reasons. Climate change may exacerbate or ameliorate existing stresses. As a result, any assessment that is concerned with identifying the potential consequences of climate change and developing appropriate adaptive responses must consider 2 questions: (1) What are the existing stresses on human health and ecosystems within a particular region under current climatic conditions? (2) How might climate change exacerbate or ameliorate these stresses?
To illustrate the importance of assessing the potential consequences of climate change within a larger context, consider the potential effect that climate change may have on natural ecosystems. The rate of climate change, the size of species ranges, and the dispersal rates of individuals species all are important determinants of the ability of natural ecosystems to adapt to changing climate conditions and many analyses include these factors. However, existing threats to natural ecosystems and species diversity will also affect ecosystem resiliency and capacity to adapt to climate change. Conversion of land for human activities (e.g. urban settlements, farming, harvesting of forests) can interfere directly with seed dispersal and cause changes in the composition of forested ecosystems. Natural and manmade barriers, such as roads, cities, bodies of water, and agricultural land may block migration of species. Manmade pollution and habitat degradation may impair the health of particular species, making them less able to withstand stresses from climate change. Alpine ecosystems may simply run out of room as alpine temperatures migrate above the mountaintops. Fragmentation of ecosystems and competition from introduced exotic species may make it impossible for species to migrate to suitable areas in response to climatic shifts. Failure to include these stressors will result in an incorrect picture of future ecosystem distributions.
Humans may also indirectly affect ecosystem migration through other activities, such as through the consumption of water that is needed by the ecosystem to survive. Consider that as the climate changes, water supplies will be directly affected by precipitation changes and increased evapotranspiration. The availability of water also will be indirectly affected by changes in the competition for water among multiple uses (e.g. urban water demand, recreational activities, irrigation in agriculture, hydropower). In such cases, (Manabe & Wetherald 1987) . Screening criteria used for inclusion: (1) thermal modeling predicts suitability, and (2) fish presence in 10% or more of state's water bodies (U.S. EPA 1995b). *Screening criteria were not met the water required by natural ecosystems such as forests to survive may become scarcer (e.g. in the Pine Barrens of New Jersey). A complete assessment of the vulnerability of human health and ecosystems to climate change that correctly identifies possible risks and opportunities must consider the multiple stressors on the affected systems. Assessments that do not include these stressors will provide incorrect information to those who are developing adaptive responses in anticipation of future change, increasing the possibility that less effective adaptation, and in some cases maladaptive strategies, will be chosen. For example, an understanding of the potential fragmentation of forests due to the influence of humans and economic activity is necessary to ensure that effective mechanisms are developed (if society so chooses) to protect forests and the wildlife that inhabit them (e.g. through the development of corridors for seed dispersal and wildlife migration).
Adaptation comes at a cost
Adaptation is not without cost. The scarce natural and financial resources used to adapt to climate change could be used for other productive activities. In the vernacular of economics, there are opportunity costs to using scarce resources for adaptation. These costs must be carefully weighed when considering the tradeoffs among adapting to the change, reducing the cause of the change, and living with the residual impacts (Shriner & Street 1997) . It is imperative that any adaptation policy be economically justified. The discounted benefits of the policy should be greater than its discounted costs (Smith 1997) . Economical adaptation that lessens sensitivity to climate is desirable (NAS 1992) .
For example, the implementation of any adaptation options to protect shorelines will necessitate significant financial commitments from various countries at risk from sea level rise, although the level of required funding might vary widely from one option to another. In the Maldives, the present costs of shoreline protection are close to $ 13 000 m -1 . In Senegal, Benin, Antigua, Egypt, Guyana, the Marshall Islands, St. Kitts-Nevis, and Uruguay, maintenance of the existing shoreline against a 1 m rise in sea level could require substantial funding compared with the nation's GNP (Bijlsma 1996) .
In the United States, the projected global average rise in sea level of 50 cm by 2100 will threaten coastal properties, erode beaches, threaten wetlands and wildlife habitat. It could inundate 8600 to 19 000 sq. km of dry land if no shores are protected, and 5700 to 16 000 sq. km if currently developed areas are protected (Titus et al. 1991) . It is possible to protect developed areas by building bulkheads and levees, pumping sand onto beaches, and raising houses, roadways, and barrier islands. But this protection comes at a significant cost. It has been estimated that for a 50 cm rise, barrier islands in the United States could be protected at a total cost of $ 55 to 123 billion. This protection would occur by placing sand on eroding beaches and the low bay sides at a cost of $ 15 to 81 billion, elevating houses and roads at a cost of $ 29 to 36 billion, and protecting mainland areas with dikes and bulkheads at a cost of $ 5 to 13 billion (Titus et al. 1991 , Shriner & Street 1997 .
Several studies, in particular those on agricultural impacts, only estimate the benefits of adaptation but do not fully account for its cost. However, while climate change impacts will be reduced in a fully adapted society, the process of reaching this level could be costly (Tol et al. 1998 ). For example, Reilly et al. (1994) estimated global welfare losses to agriculture of $ 0.1 to $ 61.2 billion without adaptation, but that farm-level adaptation can change these figures to between a gain of $ 7.0 and a loss of $ 37.6 billion. However, the costs of adaptation are ignored and are not reported or included in the impact estimates (Tol et al. 1998) .
In assessing the potential effectiveness of adaptation, it is imperative that one evaluates the availability of the resources required to implement alternative adaptive strategies. The lack of appropriate technology and trained personnel, financial limitations, cultural and social values, and political and legal institutions may all restrict a nation's ability to implement adaptation measures, which will likely vary across geographic regions and demographic groups. Also, one must evaluate the willingness of society to divert required resources away from other desired uses.
Adaptive responses vary in effectiveness, as demonstrated by current efforts to cope with climate variability
In assessing the capacity of society to adapt to climate change in order to project future vulnerabilities, it is instructive to look at the effectiveness of adaptation policy under current climatic conditions. Historic evidence demonstrates that society has not always adapted to existing risks effectively.
For example, exposure to extreme heat causes, on average, up to 270 deaths in the United States even during years with no heat waves. During heat waves, these numbers can increase dramatically. In 1980 In , 1983 In , and 1988 , for example, substantial numbers of people (1700, 556, and 454 people, respectively) died of the heat (CDC 1995). In July 1995, a heat wave caused 465 heat-related deaths in the Chicago area alone (CDC 1995) . These are preventable deaths.
There are a wide array of possible explanations for society's failure to adapt effectively to existing risks. As suggested by the earlier discussions, this may be due to a failure to identify and understand stressors and factors that affect the risk and the ability of society and individuals to respond. It may be due to limited resources available to society for adaptation. Or it may be due to a conscious decision by society not to invest scarce resources in adaptive responses. Regardless of the reasons for the limited effectiveness of existing adaptive responses, the historic evidence suggests that one cannot be cavalier about the effectiveness of adaptive strategies when making projections of future vulnerabilities to climate change.
Another reason for being cautious about the effectiveness of adaptive responses to future climate change is the existence of significant scientific uncertainties about future consequences. For example, although the potential implications of climate change for United States agriculture have been extensively studied and adaptation strategies evaluated, potentially significant uncertainties still exist (Reilly 1996) . Most studies have examined the effects of changes in average climate on crop yields, and have not fully accounted for changes in climate variability in new and unprecedented climatic regimes (Tol et al. 1998 ). The potential effects of climate change on the prevalence of pests, pathogens, and weeds, which may affect crop yields, have not been evaluated. Also, many studies have made strong assumptions about adaptation responses, but have not fully accounted for changes in water availability (which is necessary for irrigation) and the competition for water among various systems and sectors (Shriner & Street 1997) .
The systemic nature of climate impacts complicates the development of adaptation policy
Climate change will have wide-ranging effects. Most of these effects are likely to occur simultaneously. Also, many of the effects are interdependent. The systemic nature of climate change and its effects poses unique challenges to resource managers developing adaptive responses (Shriner & Street 1997) . Sensitive systems cannot be considered independently. An adaptation strategy that may protect one particular system may, inadvertently, increase risks to other systems. In some cases, it may be impossible to avoid all risks and exploit all opportunities. Society may have to choose between alternative outcomes.
For example, if the protection of coastal property from sea level rise were the only concern, sea walls could be built. Along the Chesapeake Bay, 32 km of bulkheads yr -1 are currently being built to protect coastal property. But the rise in sea level also threatens wetlands, and the building of sea walls prevents new wetlands from forming. The rise in sea levels could drown 15 to 60% of coastal wetlands in the United States, posing risks to fish, shellfish, flood and erosion control, and habitat (Fig. 7) . 5 Destruction of wetlands can then affect bird migration patterns. Finally, the rise in sea level could also lead to saltwater intrusion, threatening freshwater aquifers and drinking water (e.g. Biscayne aquifer in Florida could become salty with a 92 cm rise in sea level), and freshwater that is required for other uses (e.g. water for irrigation).
A comprehensive approach must be taken to the development of adaptation strategies to identify possible tradeoffs that society may have to make between future outcomes, reduce risks effectively, exploit opportunities presented by climate change, and maximize social well being.
Maladaptation can result in negative effects that are as serious as the climate-induced effects being avoided
Adaptive responses can also have adverse effects. The previous discussion suggested that an adaptive response that is made without consideration for interdependent systems may, inadvertently, increase risks to other systems that are sensitive to climate change. 5 There will be regional differences in the rise of sea level relative to coastal lands (U.S. EPA, October 1995a). Other factors, such as land subsidence, affect the relative position of the land to the sea However, even when a comprehensive approach is taken to the development of strategies for adapting to climate-induced effects, one must account for potential non-climate related side effects of the adaptive strategies to avoid maladaptation. The possibility has to be considered that adaptive responses might have adverse consequences for human health or the environment (Shriner & Street 1997 , Parry & Carter 1998 . Adaptive responses also might have adverse consequences for social well being. Consideration should be given in the design of adaptive strategies to issues of equity. The social acceptability of a particular adaptive response may depend upon who in society will benefit from the adaptation policy and who will lose (Smith et al. 1995) . The adverse consequences of some adaptive responses for the environment can be illustrated by historic societal responses to sea level rise. The possible responses to inundation, erosion, and flooding due to sea level rise fall into 3 categories: erecting walls to hold back the sea, allowing the sea to advance and adapting to the advance, and raising the land (U.S. EPA 1989). Along most mainland shorelines, economic self-interest would encourage property owners to erect bulkheads. This adaptive response might be effective for protecting coastal property. But the bulkheads would prevent new wetland formation from offsetting the loss of wetlands that were inundated (Titus 1986 ). Such maladaptive responses are already being undertaken. Coastal property along Chesapeake Bay is being protected through the construction of bulkheads and revetments. Between 1979 and 1994, 161 km of new bulkheads, 285 km of new revetments, and 84 km of replacement bulkheads were constructed (Titus 1998) . This construction threatens the survival of wetlands along the shore of Chesapeake Bay.
A second example of potential maladaptation is the response to risks posed by climate change to fisheries. Climate change is likely to exacerbate existing stresses on fish stocks. Hatcheries can be used to enhance natural recruitment of fish stocks when climate causes stocks to fall below the carrying capacity of an ecosystem for a given species. This adaptive response might increase stock productivity, reduce recruitment variability, and enable the colonization or recolonization of new areas. But injudicious use may alter or impoverish the biodiversity of an ecosystem and the genetic pool of resources. It might also lead to the transmission of parasites and diseases (Everett 1996) .
A third example of potential maladaptation is the potential response to risks posed by climate change to human health. It will be important to assess in advance the risks to health from some proposed technological adaptations to climate change. Increased use of air conditioning would protect against heat stress, but it also could increase emissions of both greenhouse gases and conventional air pollutants (U.S. EPA 1989 , IPCC 1996b . Similarly, available evidence and climate change models indicate that climate change will alter the pattern of the world's infectious diseases. Public health programs should therefore anticipate the health impacts of climate change on infectious disease. One possible adaptive response is the use of pesticides for vector control (WHO 1996) . However, the effects of pesticides on human health and insect predators and increased insect resistance to pesticides all need to be considered if new pesticides are used to control disease vectors. New chemicals or treatments for vector control not only need to be effective, but their breakdown products should be non-toxic and non-persistent.
In all of these examples, a well-informed decision maker may decide that the adverse effects of the adaptive measures are of greater concern than the risks posed by climate change itself. It is important that all adaptive responses be evaluated to identify possible adverse consequences and how they might affect the range of feasible and desirable adaptive responses that are available.
Many opportunities for adaptation make sense whether or not effects of climate change are realized
Many strategies that would reduce risks posed by climate change or exploit opportunities make sense whether or not the effects of climate change are realized. Adaptation measures may result in agricultural systems that are more resilient to climate variability (e.g. new crop varieties that are heat-and droughtresistant may reduce crop losses during hot, dry summers today). Enhanced responses to urban heat waves can save lives now.
In other cases, existing institutions and public policies result in systems that are more rigid and unable to respond to changing conditions. For example, the existence of the system of water rights and the absence of competitive markets for water in many western United States has led to an inefficient allocation of water among alternative uses. Implementation of competitive markets would allow more flexibility in allocating water, allocate water to its highest-valued uses, and improve our ability to deal with current variability in water flows, in addition to adapting to future climate stresses. Other policies, such as the existence of federal flood insurance, provide an incentive for development in high-risk coastal areas. Elimination of federal flood insurance would reduce the inventory of private property that is at risk today, as well as in the future when sea level rises further.
Care must be taken, however, in evaluating such 'no regrets' strategies. These strategies would lead to a more efficient allocation of scarce resources under current and future climatic conditions. However, the formulation of public policies often involve considerations other than efficiency (e.g. equity considerations, political feasibility). These additional considerations must be accounted for in the assessment of 'no regrets' strategies for adapting to climate change.
CONCLUSIONS
Anticipatory adaptation is a risk management policy. Although many uncertainties exist about the potential consequences of future climate change, existing evidence suggests that the climate is changing and will continue to change. This will result in both beneficial and adverse effects on human health, ecosystems, and economic systems that are sensitive to changes in climate. Investments in adaptation are warranted to reduce the vulnerability of systems to climate change and to exploit opportunities that may increase social well being. This paper has articulated 9 fundamental issues that should be considered when developing adaptive strategies and evaluating the extent to which they should be relied upon. Taken together, the 9 principles suggest that the development of adaptation policies is a complex undertaking. One should not be cavalier about the ease with which adaptation strategies can be developed, nor about the potential effectiveness of strategies to adapt to future climate change.
Adaptation is not without cost. But adaptive strategies for technological and behavioral adaptation that are economically justifiable offer an opportunity to reduce the vulnerability of sensitive human and ecological systems to the effects of climate change and variability (IPCC 1997) . Economical adaptive strategies also offer an opportunity to exploit potential opportunities. In many cases, adaptation makes sense whether or not the uncertain effects of climate change are realized.
There will be a regional and demographic texture to the beneficial and adverse effects of climate change on human and ecological systems. A sound understanding of the distribution of potential impacts across different regions and populations is required to target appropriate investments in adaptive responses. Understanding the mechanisms by which impacts occur is also key to the development of effective adaptation measures.
Uncertainties exist about the efficacy of particular adaptive strategies. Current efforts to cope with the effects of climate variability provide valuable insights into the potential effectiveness of future adaptive responses. Adaptive responses vary in effectiveness, as illustrated by the persistence of preventable deaths due to heat stress in urban areas, even under current climatic conditions. Uncertainties also exist about possible secondary and undesirable effects of adaptation. Potential adverse side effects of particular adaptive responses must also be accounted for to avoid solutions that are worse than the problem.
Scientific investigations can help define the risks and opportunities presented by climate change and variability, and provide an understanding of the potential regional and demographic distribution of these consequences. Technology and behavioral changes offer a wide range of possible adaptive responses. The 9 principles articulated in this paper can help ensure that investments made in adaptation are effective, economical, environmentally friendly, and socially acceptable. 
